This study investigated the practical application of combined advanced oxidation processes (AOPs), such as homogeneous TiO 2 photocatalysis and heterogeneous photo-Fenton, for the treatment of tannery wastewaters. An optimization study was conducted on the photocatalytic degradation of The combined advanced oxidation process proved to be an efficient and appropriate technique for the effective removal of complex organic compounds in industrial wastewater.
INTRODUCTION
Tanneries are typically characterized as pollution-intensive industrial complexes that generate widely varying, highstrength wastewaters (Chowdhury et al. ) . The variability of tannery wastewaters arises not only from the fill and drawtype operation associated with tanning processes, but also from the different procedures used for hide preparation, tanning and finishing. These procedures are dictated by the kind of raw hides employed and the required characteristics of the The BOD 5 /COD ratio of tannins is also lower than other compounds. However, it is worth noting that no one of these compounds showed a BOD 5 /COD ratio higher than 0.4, indicating a very low biodegradability for each of them (Lofrano et al. ) .
(membrane processes as ultrafiltration). The activated sludge process has been the most common wastewater treatment process for the removal of organics in our country; however, it is inefficient for the removal of recalcitrant organics and micro-pollutants in tannery wastewater. The mixture of compounds used in the tannery process can be released into the environment because the compounds remain even after conventional treatment (activated sludge process, aerobic sequencing batch reactor, anaerobic filters, upflow anaerobic sludge blanket and membrane bioreactor) and negatively affect organisms and the environment. The wastewater of tanneries has also been associated with a huge foaming problem on surface waters (Durai & Rajasimman ) . The high concentrations of pollutants with low biodegradability in tannery wastewater represent a serious and actual technological and environmental challenge. Therefore, many researchers have attempted to develop new technologies for complementing or even replacing some of these treatments (Khansorthong & Hunsom ) . The experiments were conducted using a laboratory-scale reactor system made from borosilicate glass having a size 
Box-Behnken experimental design
The Box-Behnken design (BBD) statistical experiment had been used on the advanced oxidation of pollutants. BBD is the optimization of analytical methods. Hence, BBD was used to investigate the effects of important operating parameters in the degradation of tannery wastewaters and to optimize the system. This is a type of response surface method (RSM) which is based on three level incomplete A total of 29 experiments were employed in this analysis, using Design Expert Version 9.0.2 software (Stat-Ease, Inc., Minneapolis, USA). To simplify the recording of the conditions of each experiment and the processing of the experimental data, the factor levels were selected taking the high level as þ1 and the lower level as À1.
RESULTS AND DISCUSSION
Model fitting and statistical analysis
The experimental data for COD removal by combined advanced oxidation process are given in Table 2 . From the results obtained in the trials performed with the BBD, the following quadratic model equation was established to correlate the dependent and independent variables:
The regression coefficients of the model describing the COD removal are summarized in Table 3 . Analysis of variance (ANOVA) was applied in order to evaluate the significance of the fit of the developed model. P < 0.05 indicates that the model terms are significant at 95% confidence level or more. For the model predicted by Equation
(1), P was less than 0.0001, indicating that it was significant for describing the COD removal efficiency. The lack of fit value 5.77 is not significant at the P value > 0.05. For a model to be successfully used for prediction, the lack of fit should be insignificant and the response surfaces sufficiently explained by the regression equation. A positive effect of a 
Effect of pH
To determine the effect of pH, the degradation of tannery wastewater was investigated at pH values of 2 to 8. At an optimal pH of 7, the decrease in COD was greatest (75%) (Figure 1 varying TiO 2 , so it can be concluded that initial pH is a more influential parameter than TiO 2 .
Effect of TiO 2
To determine the effect of TiO 2 dosage, the degradation of 
Effect of ferrous dosage
To determine the effect of Fe 2þ dosage, the degradation of Figure 6 presents the influence of 
Kinetics of tannery wastewater degradation
In order to achieve the proper design of a solar photo reactor, it is very important to determine the kinetic coefficients 
where C 0 , C, t and k are the initial COD, final COD, degradation time (h) and the global reaction apparent rate
), respectively. The order of rate constants was
Effect of hydraulic retention time
In this study, the efficiency of solar/TiO 2 /Fe 2þ /H 2 O 2 process was carried out under optimum conditions. Nearly all (96%) COD was depleted at 4 hours ( Figure 10 ). By increasing the contact time, the exposure of the reaction mixture to solar light allowed the utilization of more energy to produce more hydroxyl radicals from H 2 O 2 , TiO 2 and Fe 2þ . Table 4 Figure 9 | Treatment of tannery wastewater under different systems 
Synergetic effect
The advantage of AOPs is enhanced by the fact that there are different OH • radical production possibilities, so they can be adapted to specific treatment requirements. On the other hand, the relatively high operating cost of these processes compared to biological treatment is the main disadvantage. To tackle this problem and to increase the efficiency of AOPs, a combined or integrated process can be used. Using a combined process as a pretreatment process reduces organic loading and the cost of post-treatment.
The main parameter in the combined process used to evaluate the effectiveness of the system is the synergetic effect, a parameter of the enhancement of the degradation of organic compounds using the combined method relative to the linear combination method. The synergetic effect could be estimated as follows:
Factors such as design, construction, operation and maintenance of combined advanced oxidation processes are more difficult than those of the individual methods. When compared to rate of degradation, the combined homogeneous and heterogeneous process is more effective than the individual processes.
Design of the field-scale reactor light intensity and solar irradiation area; these were used to arrive at a lump parameter (K 3 ) (Equation (5)):
where K The scaling up of the field-scale reactor can be given by the following equations (Equations (6) and (7)):
Area of field-scale reactor
The depth of the reactor, based on detention time, included free board ¼ 0.1 m.
Cost analysis
Cost analysis was carried out by analysing the degradation process under optimal conditions. The operating cost for treating tannery wastewater by solar/TiO 2 /Fe 2þ /H 2 O 2 process has been evaluated. The kinetic study indicated that the degradation kinetics of tannery wastewater followed the first-order kinetic. When compared to the rate of degradation, the combined homogeneous and heterogeneous process is more effective than the individual processes. The combined process is a useful tool for enhancing the biodegradability of tannery wastewater in biodegradation of wastewater which enters into a biological wastewater treatment process. The obtained results showed the feasibility of combined advanced 
